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Cross-field neoclassical transport of heat, particles and momentum is studied in
sharp density pedestals, with a focus on isotope and profile effects, using a radially
global approach. Global effects – which tend to reduce the peak ion heat flux,
and shift it outward – increase with isotope mass for fixed profiles. The heat flux
reduction exhibits a saturation with a favorable isotopic trend. A significant part of
the heat flux can be convective even in pure plasmas, unlike in the plasma core, and
it is sensitive to how momentum sources are distributed between the various species.
In particular, if only ion momentum sources are allowed, in global simulations of
pure plasmas the ion particle flux remains close to its local value, while this may not
be the case for simulations with isotope mixtures or electron momentum sources.
The radial angular momentum transport that is a finite orbit width effect, is found
to be strongly correlated with heat sources.
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I. INTRODUCTION
The magnetic fusion community acquired its vast operational experience and experimental
knowledge of stability and confinement predominantly from deuterium (D) – and to some
extent hydrogen (H) – discharges. There is much less experience with the reactor relevant
deuterium-tritium mixture (DT), which has only been used in a limited number of discharges
in JET1 and TFTR2. Likewise, ITER3 will first operate with He and H4, and then with
D, before starting its DT operation. To be confident in our predictions for reactor-scale
devices, such as ITER, we therefore need to understand how various physical processes are
affected by changes in the isotope composition of the bulk plasma.
In particular, the isotope scaling of the energy confinement has been a long-standing
unresolved issue in the field5–14. The confinement in the plasma core is observed to be
broadly consistent with turbulent transport predictions of gyrokinetic codes, see Ref. 15
and references therein. Multiscale gyrokinetics – the theoretical foundation of these codes
– assumes characteristic fluctuation time and length scales that correspond to gyro-Bohm
level fluxes. Na¨ıve applications of the gyro-Bohm scaling predict an increased transport
with increasing isotope mass. In contrast, the global energy confinement is experimentally
observed to improve with increasing isotope mass16–19.
The exact strength of this favorable isotope scaling varies greatly between different op-
erational regimes. As general trends, in Ohmic and L-mode plasmas the isotope scaling
of confinement is weak, while H-mode D plasmas show a consistently higher confinement
time than H plasmas18,20,21. Since the H-mode features an edge transport barrier – com-
monly referred to as the pedestal – such differences between operational regimes suggest
that different mechanisms may be responsible for the isotope scaling in the core and in the
pedestal22; the latter being the focus of this work.
In the pedestal, the plasma parameters can vary significantly over a thermal orbit width,
so that the transport at a given minor radius no longer can be characterized by local profile
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A Model II MODELING CHOICES
values, but depends on values at nearby radii. Such transport is said to be radially global,
and simple dimensionally motivated or diffusive scaling estimates, such as gyro-Bohm, may
not be appropriate. The distance over which the perturbed distribution function is radially
coupled scales with the thermal ion orbit width, which introduces a mass dependence.
In this paper we consider the impact of the radial coupling on neoclassical heat, particle
and momentum fluxes, particularly in relation to isotope effects and characteristic pedestal
features, such as pedestal height and width.
Specifically, we study how characteristic features of pedestal density profiles affect the
radially global transport fluxes, by varying pedestal properties of model profiles in simu-
lations with different isotopes. A self-consistent modeling of how the profiles themselves
are affected by changes in isotopic composition – due to e.g. atomic physics processes23,24,
magnetohydrodynamic stability25 and other processes – is beyond the scope of this study.
We solve a global δf drift kinetic equation numerically using the Perfect26,27 solver.
This tool represents an intermediate step between the conventionally employed, core-
relevant local δf codes28,29, and the generally valid, but computationally challenging full-f
approach30. Perfect allows density and potential profiles that vary on ion orbit-width
scales, while the linearization around a Maxwell-Boltzmann distribution requires that the
ion temperature varies weakly over an ion orbit width and that the ion diamagnetic and
E×B flows nearly cancel in the large gradient region – a situation referred to as electrostatic
ion confinement, which has been borne out in experimental results31,32.
The remainder of this paper is structured as follows: In Sec. II we discuss the details
of our modeling, starting by explaining relevant aspects of the global δf model. We then
discuss the choices made in setting up our model profiles, and finally provide technical
details on the magnetic geometry and normalization. The presentation and interpretation
of simulation results is done in Sec. III. In Sec. III A, we consider isotope mass effects on
the ion heat flux using a fixed set of baseline profiles, showing increasing global effects with
isotope mass due to an increasing orbit width. We then consider the impact of changes in
the pedestal density profile in Sec. III B. We quantify the importance of global effects on
the ion heat flux by two parameters and study their behavior in terms of profile features
and bulk isotopes in Sec. III C. We find that the peak ion heat flux is mostly reduced and
it is shifted outwards by global effects, with a larger possible reduction for heavier isotopes.
Finally, we discuss species and profile effects on particle and angular momentum transport
in Sec. III D, and correlate momentum transport with heat sources. Our results are then
summarized in Sec. IV.
II. MODELING CHOICES
A. Model
We solve the following global δf drift kinetic equation27(
v‖b+ vd
) · ∇g − Cl[g] = −vm · ∇fM + S, (1)
where g = f − fM + (ZeΦ1/T )fM is the non-adiabatic perturbed distribution, f is the
gyroaveraged distribution function, fM = [m/(2piT )]
3/2ηe−W/T is a Maxwellian, W =
mv2/2+ZeΦ is the unperturbed total energy, m and Ze are the charge and the mass of the
species, with e the elementary charge, η = neZeΦ/T is the pseudo-density, n and T are the
density and the temperature of the species, and Φ+Φ1 is the total electrostatic potential with
a small perturbed component Φ1 defined such as to vanish on flux surface average. The flux
surface average density and pressure of the species are all contained in fM . In other words,
any poloidal variations in plasma parameters are treated as perturbations. Furthermore,
v‖ = v · b, with v the velocity, b ≡ B/B, with B the magnetic field and B ≡ |B|;
vd = vE + vm is the unperturbed drift velocity, vm = v
2
‖Ω
−1∇× b+ v2⊥(2ΩB2)−1B ×∇B
is the magnetic drift velocity, vE = B
−2B × ∇Φ0 is the E×B drift velocity; Ω = ZeB/m
is the gyrofrequency, and v⊥ = v − v‖b is the velocity perpendicular to b. C denotes the
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FIG. 1: The baseline density profile used in this work, with profile parameters highlighted.
linearized Fokker-Planck collision operator. The gradients are taken holding W and the
magnetic moment, µ = mv2⊥/(2B), constant. S is a source term, which accounts for both
real sources (e.g. ionization, radiative energy loss) and possible divergence in the fluxes
other than those captured by our solution g (e.g. a radially varying turbulent particle flux).
We have omitted species indices to streamline the notation; in cases where this leads to
ambiguity, a lower index a will be used.
Equation (1) is an approximation of the drift-kinetic equation only when the distribution
function is close to a flux-surface Maxwell-Boltzmann distribution: f/fM − 1  1. This
requires that the temperature T and pseudo-density η associated with the Maxwellian do
not vary significantly over a thermal orbit width, while the density n can vary sharply –
provided that the electrostatic potential Φ is such that η is slowly varying. In practice these
restrictions are only a concern for the various ion species; thus, to avoid large deviations from
Maxwellian ion distributions, we consider ion profiles without ion temperature pedestals.
As Te and ηe need only to be slowly varying on an electron orbit width scale, they are
allowed to be comparably sharp to ne ∼ ni (e and i subscripts refer to electrons and bulk
ions). For more details on the self-consistent ordering considered here the reader is referred
to Ref. 27,33.
B. Input profiles
As we have seen in the previous section, even though there are restrictions on the T and
η profiles we are free to choose an arbitrary density profile, which allows us to study the
effects of different density pedestals. For this purpose, we use model density profiles based
on the mtanh profile34,35 which is often used to represent the radial profile dependence of the
pedestal. The mtanh profile defines three regions: a core region, where the density varies
over length scales comparable to the minor radius of the device; a pedestal region, where
this variation is comparable to a typical thermal ion orbit width; and a SOL (Scrape-Off
Layer) region with very small gradients (to be discussed further in relation to boundary
conditions at the end of Sec. II B); see Fig. 1.
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FIG. 2: Input profiles of ni in the various scans: (a)
∆n
∆ψN
-w, (b) ∆n∆ψN -Ped, (c)
∆n
∆ψN
-LCFS, (d) w-Ped, (e) w-LCFS, (f) Ped-LCFS. Thinner lines correspond to sharper
or narrower pedestals in the scan.
Specifically, a generic mtanh plasma profile X is given by
X =
1
2
[
Xped +XSOL +
w
2
{
dX
dψN
∣∣∣
core
− dXdψN
∣∣∣
SOL
}]
+
tanh (x)
2
[
XSOL −Xped − w
2
{
dX
dψN
∣∣∣
core
+ dXdψN
∣∣∣
SOL
}]
+
dX
dψN
∣∣∣
core
(ψN0 − ψ0)e−x + dXdψN
∣∣∣
SOL
(ψN − ψN0)ex
e−x + ex
,
(2)
where x = (ψN−ψN0)w/2 is a radial coordinate, with ψN = ψ/ψLCFS being the normalized
poloidal flux, 2piψ the poloidal magnetic flux (satisfying |∇ψ| = RBP, with R the major
radius and BP the poloidal magnetic field), ψLCFS is the value of ψ at the last closed flux
surface (LCFS), ψN0 the ψN -point in the middle of the pedestal and w characterizes the
pedestal width. Parameters XPed and XLCFS represent the values of the the asymptotic,
linear core and SOL profiles extrapolated to the pedestal top and the LCFS locations, respec-
tively (marked with red circles in Fig. 1), while dXdψN
∣∣∣
core
and dXdψN
∣∣∣
SOL
are the asymptotic
core and SOL gradients.
In this work, we categorize our density pedestals in terms of four parameters of common
interest: nPed, nLCFS; the width in ψN , w; and the density gradient in the middle of the
pedestal, ∆n∆ψN . The former three quantities appear directly in (2), while the latter is defined
by the relation
nPed +
(
∆n
∆ψN
)
w − nLCFS = 0; (3)
see also Fig. 1 for a visual definition of the four pedestal parameters.
We wish to investigate the dependence of transport on these pedestal parameters. As the
parameters are all related through (3), we vary two of these parameters at a time, while
keeping the two remaining parameters fixed. This yields 6 different scans.
For our baseline density pedestal, we use the pedestal parameters nˆPed = 0.7, w =
0.0522, ∆nˆ∆ψN = −12.3 and nˆLCFS = 0.06; these values are comparable to those of the
ASDEX Upgrade pedestal shown in Fig. 1 of Ref. 36. Here, nˆ refers to the density n
given in 1020 m−3. Subsequent density profiles were obtained by scaling two of the pedestal
parameters about the baseline value. The pedestal parameters for all scans are displayed
in Tab. I, with the scanned values written in bold letters. From these parameters, we
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FIG. 3: Electrostatic potentials Φ corresponding to the ni profiles in Fig. 2. Thinner lines
correspond to sharper or narrower pedestals in the scan.
TABLE I: Pedestal parameters corresponding to density profiles in Fig. 2. The scanned
parameters are written with boldface letters.
w ∆n
∆ψN
nPed nLCFS
0.0261 -24.5 0.7 0.06
0.0522 -12.3 0.7 0.06
0.104 -6.13 0.7 0.06
0.157 -4.08 0.7 0.06
0.0522 -24.5 1.34 0.06
0.0522 -12.3 0.7 0.06
0.0522 -6.13 0.38 0.06
0.0522 -4.08 0.273 0.06
0.0522 -12.3 0.7 0.06
0.0522 -6.13 0.7 0.38
0.0522 -4.08 0.7 0.487
0.0261 -4.08 0.167 0.06
0.0522 -4.08 0.273 0.06
0.104 -4.08 0.487 0.06
0.157 -4.08 0.7 0.06
0.0261 -4.08 0.7 0.593
0.0522 -4.08 0.7 0.487
0.104 -4.08 0.7 0.273
0.157 -4.08 0.7 0.06
0.0522 -4.08 0.273 0.06
0.0522 -4.08 0.593 0.38
0.0522 -4.08 0.7 0.487
0.0522 -4.08 1.4 1.19
construct mtanh density profiles, shown in Fig. 2, where the different sub-figures correspond
to the various scans. These profiles all have the same asymptotic core density gradient
∂nˆ
∂ψN
∣∣∣
core
= −0.40616 (again, similar to the corresponding value in Fig. 1 of Ref. 36), and
∂nˆ
∂ψN
∣∣∣
SOL
is fixed at zero.
As we cannot have a pedestal in the ion temperature profile, Ti is kept fixed at core-like
gradients during the scan, as shown in Fig. 4. The profile features a transition in ∇Ti
centered around the pedestal top (ψN ≈ 0.96 in Fig. 4), as this feature is important for the
qualitative behavior of both in-flux-surface and cross-field fluxes33, and mimics the change
in gradients at the top of a real pedestal. The asymptotic gradients are ∂Tˆi∂ψN
∣∣∣
core
= −0.5
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FIG. 4: The baseline Ti (solid) and Te (dashed) profiles.
and ∂Tˆi∂ψN
∣∣∣
SOL
= −0.9, and Tˆi,Ped = 0.42, where Tˆ denotes temperature in units of 1 keV.
The baseline electron temperature profile, Te, is an mtanh profile with the following
parameters: w = 0.0522, ∆Tˆe∆ψN = −6.12, Tˆe,Ped = 0.42, and Tˆe,LCFS = 0.1. In the scans, we
change the Te pedestal width to match that of ni in each case, while Te,Ped and Te,LCFS are
kept fixed. Similarly, the transition in ∇Ti is moved to match the location of the pedestal
top, and its width is scaled when the pedestal width is varied. The Ti profile is otherwise
kept fixed. The baseline Te and Ti profiles are shown in Fig. 4.
The potential, Φ, is chosen to yield a slowly varying ηi: specifically, ηi is taken to be
an mtanh profile asymptotically equal to the ni profile in the core, and with core and
pedestal gradients equal to the ni core gradients – the resulting potentials are shown in
Fig. 3. Although there is some arbitrariness in choosing Φ this way, it yields an electric
field balancing the ion pedestal pressure gradient – consistent with typical experimental
observations31,32,37.
Although the above profiles have a SOL region, the Perfect code assumes closed field
line topology. Rather than a physical SOL, these regions should be thought of as a numerical
buffer zone, such that the radial boundary conditions we impose on the global drift-kinetic
equation do not affect the results in the pedestal. Accordingly we do not show results in
this region, because they are not physically meaningful. In this region we set the gradients
to be low, so that the local solution can be used as a boundary condition at both radial
boundaries where particle trajectories enter the domain.
C. Magnetic geometry
For the magnetic geometry, we use a model Miller equilibrium38 with the radially constant
parameters: κ = 1.58, δ = 0.24, sδ = 0.845, sκ = 0.479, dR/dr = −0.14, q = 3.5. Here, κ
is the elongation, δ is the triangularity, and sκ and sδ quantify the radial variation of these
parameters; R is the major radius, r the minor radius and q the safety factor.
The radially uniform magnetic geometry, together with the weakly varying ion tempera-
ture profiles, means that the thermal ion orbit-width is approximately constant throughout
the pedestal. Thus, the radial coupling length of a given species is close to constant in the
simulation domain, providing a simple setting to investigate global effects. In reality, mag-
netic geometry parameters can change significantly across the pedestal, which would both
change the magnitude and correlation length of the neoclassical transport in the vicinity
of the separatrix. However, our results should be qualitatively correct in more complicated
geometries, as long as the radial coupling length continues to scale with isotope mass.
In scans affecting the pedestal width we keep the LCFS location fixed and move only the
pedestal top location.
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FIG. 5: Normalized ion heat flux Qˆi for the baseline profile (blue in Fig. 2) in H, D and T
plasmas. Solid (dashed) curves are from global (local) simulations.
D. Normalization of simulation outputs
Quantities with a hat are normalized to a reference quantity, Xˆ = X/X¯. The reference
quantities used in this work are R¯ = 1.51 m, B¯ = 3.00 T, n¯ = 1020 m−3, T¯ = eΦ¯ = 1 keV,
m¯ = mD, where mD is the mass of deuterium. From these, we define a reference speed as
v¯ =
√
2T¯ /m¯, and the dimensionless constant ∆ = m¯v¯/(e¯B¯R¯) 1, which is representative
of the normalized gyroradius. Specific normalizations are as follows: particle flux, Γˆa =∫
d3vgavma/(n¯v¯); radial flux of co-current toroidal angular momentum (divided by mass),
Πˆa =
∫
d3vgav‖Ivma/(n¯v¯2R¯B), with I(ψ) = RBT and BT the toroidal magnetic field;
heat flux, Qˆa =
∫
d3vgamav
2vma/(2T¯ n¯v¯), that is related to the conductive heat flux by
qˆa = Qˆa − (5/2)Tˆ Γˆa; and sources Sˆa = v¯2R¯Sa/(∆n¯mˆ3/2a ). In addition, we define the
normalized scalar radial particle flux
Γˆa =
Vˆ ′
∆2piR¯B¯
〈Γˆa · ∇ψ〉, (4)
and analogously the scalar heat and angular momentum fluxes, where we introduced the
normalized incremental volume Vˆ ′ = (B¯/R¯)dψV , with V (ψ) the volume within the flux
surface ψ, and the flux surface average is denoted by 〈·〉.
III. SIMULATION RESULTS
A. Species effects on ion energy flux
In an experiment, changing the bulk ion species causes modifications to all plasma pa-
rameter profiles across the radius. Furthermore, different quantities can be kept fixed in a
species scan (e.g. total heating power, average density, etc.), while others change. Here, we
intend to isolate the direct effect of the species from such indirect effects. Thus we keep all
plasma parameter profiles fixed, as specified in the previous section (line 2 in Tab. I), and
perform both radially local and global simulations with various hydrogen isotopes: protium
(H, which we will simply refer to as hydrogen), deuterium (D) and tritium (T). Out of these,
tritium has the largest orbit width, and is hence expected to show the largest differences
between the local and global models for a fixed pedestal.
The resulting ion heat fluxes Qi for the different isotopes are displayed in the panels of
Fig. 5, where the solid (dashed) curves correspond to global (local) results, and vertical
lines indicate the nominal location of the pedestal top. As expected, the deviation between
local and global results is the weakest in the H simulation. This is apparent in two ways:
global effects persist for a shorter distance into the near-pedestal core – owing to the shorter
radial coupling length that scales with orbit width – and the difference at a given radius is
typically smaller than for the heavier isotopes. In particular the global pedestal peak-value
(PPV), which is the global maximum value inside the pedestal, is closer to the local peak
7
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FIG. 6: Deuterium heat flux normalized as QˆD/nˆ
2
Ped from deuterium simulations using
the profiles in Fig. 2. Solid (dashed) curves are from global (local) simulations. Thinner
lines correspond to sharper or narrower pedestals in the scan.
value. (The PPV will be used later to characterize differences in scans. ) In comparison,
for the heavier isotopes, the global PPV is further reduced compared to the local one, and
global effects persist further into the core.
The deviation between local and global results is not a monotonic function of the local
gradient, rather it appears as a strongly damped oscillation that dies away as we move
further into the core. In this example it happens to lead to a local minimum in the global
Qi in the near-pedestal core, for instance, as observed around ψN = 0.94 for QD in Fig. 5.
Estimating the coupling-length ri as the distance from the pedestal top where the global
and local values intersect for the first time, we get rH = 0.022, rD = 0.033, and rT = 0.042,
which appears to have a mass-scaling r ∝ m0.56, which appears consistent with thermal
orbit width scaling, r ∝ m1/2. Interestingly, the global Qi inside the pedestal is rather
similar between the three isotopes, even though the local flux increases due to νiiρ
2
i ∝ m1/2
(this random walk estimate of diffusive transport includes the ion self-collision frequency
νii, and the thermal ion Larmor radius ρi).
B. Varying pedestal profiles
Next, we consider the qualitative changes in the ion heat flux Qˆi when the pedestal
profiles are modified as in the scans shown in Fig. 2. Here we will keep the isotope fixed.
The deuterium heat flux QˆD calculated for the different input profiles of Fig. 2 is shown
in Fig. 6, where again, local simulations are indicated by dashed lines. The dimensionless
heat flux Qˆ is divided by nˆ2Ped, to compensate for its expected density scaling in the banana
regime, and so assist the comparison of the results.
In Fig. 6a, corresponding to an increasing pedestal width at fixed pedestal top density,
we see how the fluxes become increasingly more local as the pedestal gets wider and the
pedestal gradient decreases. The result for the narrowest profile (black) yields significant
global effects in the near-pedestal core (with a minimum at around ψN = 0.95), although
the absolute effect on the PPV is not larger than for the baseline profile result (blue).
Fig. 6b corresponds to a pedestal height scan for fixed pedestal width, producing the same
representative pedestal gradients as those in the Fig. 6a scan. One crucial difference is that
while the maximum electric field in the pedestal decreased significantly as the pedestal
width increased, it remains less affected in this scan (compare the slopes in Fig. 3a and b),
as here ∂ψ lnn does not change strongly, except near the LCFS, since nLCFS is kept fixed.
As the Fig. 2b profiles are more similar to each other in this sense, we see less pronounced
variation in the difference between local and global fluxes. If anything, the difference is
8
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FIG. 7: Relative deviation between global and local peak heat flux values in the pedestal.
Ion species is H (a-c), D (d-f), T (g-i). Representative values of (a,d,g) ratio of orbit width
and density scale length, (b,e,h) ratio of orbit width and pedestal width, (c,f,i) ratio of the
density drop across the pedestal and the average pedestal density.
somewhat larger in the cases with lower pedestal top density, curiously. This may be a
consequence of keeping the ion temperature fixed in this scan: when the global effects due
to the n are reduced, global effects due to Ti may become increasingly important, and these
are perhaps not captured in the nPed normalization.
In the case shown in Fig. 6c the pedestal width and pedestal top density are kept fixed,
while the nLCFS is modified leading to a variation in density gradient. The resulting den-
sity gradients are the same as for the baseline profile and the reduced gradient cases in
Fig. 2a, with the largest gradient pedestal displaying the largest global effects. As the
nLCFS increases, the maximum of the fluxes – both local and global – is shifted outward.
In Fig. 6d-e, we study the influence of pedestal width using profiles with maximum
gradients similar to that in the widest pedestal of Fig. 2a. In Fig. 6d we show simulations
with fixed nLCFS, which implies that nPed increases with w. While the wide pedestal cases
are rather close to local behavior, the thin pedestal results become surprisingly strongly
non-local. This may partly be due to the large electric field in that case (compare the
slopes in Fig. 3d), and the fact that ∂ψ lnn reaches higher values in the small pedestal (as
∂ψ lnn is largest in the middle of our model pedestals). Finally, it could also be related to
more abrupt radial changes in the profile that give rise to strong sources.
However, the latter cause alone is not sufficient to generate large deviations from the
local behavior, as seen from the results keeping the pedestal top density fixed in Fig. 6e.
In this scan the deviations between local and global results are comparable for all nLCFS
values, despite the larger (but still small) logarithmic gradient for the narrower profile. This
similarity could be a result of the similar electric fields in these cases (consider the slopes
in Fig. 3e).
In the last scan, shown in Fig. 6f, we keep the pedestal width and the gradient fixed, but
shift nLCFS and nPed simultaneously. The case with the lowest density – that has the most
realistic pedestal shape – has the highest ∂ψ lnn and the strongest radial electric field and,
as expected, it exhibits the strongest deviation between the local and global results. As the
density is increased we observe the location of the maximum flux to shift outward in both
the local and the global results. This shift is caused by the lower relative drop in density
across the pedestal in the higher density cases, noting that the local flux depends on the
local density instead of nPed.
C. Peak heat flux and its location for various pedestals and isotopes
As we have seen in Sec. III B, the changes in heat flux profiles in response to changes in
pedestal parameters are rather complex; in particular the strength of global effects may not
follow intuitively expected trends. To quantify the profile and isotope effects identified in the
9
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FIG. 8: Relative deviation between global and local peak heat flux locations in the
pedestal relative to the pedestal width. Ion species is H (a-c), D (d-f), T (g-i).
Representative values of (a,d,g) ratio of orbit width and density scale length, (b,e,h) ratio
of orbit width and pedestal width, (c,f,i) ratio of the density drop across the pedestal and
the average pedestal density.
previous sections, we extract the Pedestal Peak Values (PPVs) of Qi and the ψN location
of these peaks. The significance of the PPV heat flux lies in the fact that it represents a
lower bound on the total heat flux, and that in some experiments the total ion energy flux
is close to neoclassical predictions39. Since we are mainly interested in deviations from the
local theory, we define ∆GLX = XG −XL: the difference in parameter X between a global
and a corresponding local simulation. Fig. 7, shows the relative difference between local
and global ion heat flux PPVs ∆Q ≡ (∆GLQˆi,PPV)/Qˆi,PPV,L for different ion species (rows
of sub-figures) against different parameters (columns of sub-figures).
Global effects arise when some radial profile length scale LX = −|∇ lnX|−1 becomes
comparable with the orbit width w
(r)
o , that is δX = w
(r)
o /LX = O(1). In our case it is the
density for which this happens, thus it is instructive to measure the magnitude of global
effects against δn. A representative value of the maximum δn in the profile is given by
δ∗n = (wo/n0)
∆n
∆ψN
, where wo = R
√
2mT
Zeψa
is a typical trapped orbit width measured in ψN
(in contrast with w
(r)
o that has the dimension of length), with ψa denoting ψ at the LCFS,
and n0 = (nPed + nLCFS)/2 is the average pedestal density. Note that the density length
scale is typically comparable to the pedestal width w, but these quantities can, in general,
differ significantly, as is the case in our scans. To take an extreme example, in the scan
shown in Fig. 2f, even though w and the density gradient are constant, the logarithmic
density gradient, and thus the density scale length, change significantly due to changes
in the density. It is thus also interesting to consider the effect of the ratio between the
orbit width and the pedestal width, wo/w, as another possible indicator of globality. For
completeness, we also consider the effect of ∆n/n0. The three parameters considered are
chosen such that they increase for pedestals where stronger global effects are expected, and
can be related to each other by
δ∗n =
wo
w
∆n
n0
. (5)
The δ∗n dependence of the relative variation of the PPV ion heat fluxes, ∆Q, is shown
in the first column of Fig. 7. Below a certain δ∗n (≈ 0.2, but increasing with isotope mass)
global effects tend to increase Qi (∆Q > 0), while ∆Q remains below 0.1. As δ
∗
n is increased,
global effects start to lead to a reduction Qi. The observed ∆Q values here occupy a range
between 0 and some negative envelope. This envelope first increases in magnitude with
δ∗n then it goes to saturation. Both the δ
∗
n value where this saturation occurs, and the
corresponding maximum relative reduction in the heat flux, increase with isotope mass.
The saturation is observed at δ∗n ≈ 0.3 (δ∗n ≈ 0.6) with a value ∆Q ≈ −0.12 (∆Q ≈ −0.22)
for H (T). It is worth pointing out that the na¨ıvely expected mass scaling through the orbit
10
C Peak heat flux for various pedestals and isotopes III SIMULATION RESULTS
width is already accounted for by defining δ∗n ∝ wo. That the maximum reduction of Qi due
to global effects is larger for the heavier isotopes represents a favorable trend with isotope
mass.
Some of the symbols in Fig. 7 are color coded. The pedestal with the largest δ∗n (with
the highest logarithmic gradient) is black. Shades of red correspond to decreasing δ∗n from
its maximum value by increasing the average pedestal density while keeping the pedestal
gradient and the pedestal width fixed (similar to Fig. 2f). In such a scan, ∆Q increases
slowly and monotonically as a function of δ∗n. Shades of blue correspond to decreasing δ
∗
n
by making the pedestal wider, while keeping the pedestal top and the LCFS densities fixed
(similarly to Fig. 2a). These cases are closer to the lower envelope of the ∆Q range, which
exhibits the saturation. Purple shades correspond to a scan in which both the pedestal
width and the average density are changed, as a superposition of the above mentioned
extreme cases.
It is interesting to examine, whether one of the factors in δ∗n, namely wo/w or ∆n/n0, is
more strongly correlated with global effects than the other, or even with δ∗n. We find that
the correlation of ∆Q with wo/w is less clear than it was for δ
∗
n, as seen in the second column
of Fig. 7. We see that at low values of wo/w the global effects are weaker in magnitude,
but in general we find large scatter in the results for a given value of wo/w.
Finally we consider the effect of ∆n/n0, shown in the last column of Fig. 7. As mentioned,
at lower values of this parameter Qi is increased by the global effects. When ∆n/n0 > 0.8,
we mostly see negative values of ∆Q with a large scatter and no clear trends.
As another measure of global effects besides ∆Q, we may also consider the difference in
the ψN locations of the peaks between global and local heat flux results, which we denote
by ∆ψ. Unless there is a substantial radiative energy loss in the pedestal, with sharp radial
variation, the location of the maximum neoclassical heat flux should approximately coincide
with the region of strongest reduction in the ion scale turbulent fluctuation levels, which in
turn, may be measurable with certain fluctuation diagnostics. Positive values of ∆ψ indicate
that the global neoclassical heat flux peaks at a larger radius than the local flux. To be able
to sensibly compare effects in pedestals with different width w we show ∆ψ/w ∈ [−1, 1] in
Fig. 8.
We find that the location of the PPV heat flux is shifted outward in most cases, as seen
in the first column of Fig. 8. However, there are a few cases when it is shifted inwards.
With increasing δ∗n the positive range of ∆ψ/w values increases up to the δ
∗
n where the
saturation of ∆Q occurred, then the range shrinks again. As the δ
∗
n point where the trend
in the ∆ψ/w changes increases with isotope mass, the maximum possible ∆ψ/w value is
also significantly larger for heavier isotopes.
The second column of Fig. 8 shows the w0/w dependence of ∆ψ/w. Although in most of
the cases we see only a weak positive shift, there are significant shifts of the heat flux peak
location towards the separatrix; and the range of ∆ψ/w keeps increasing with w0/w. This
approximate proportionality of the envelope of the ∆ψ/w data to w0/w is related to the
appearance of the 1/w factor in both quantities. Reducing the pedestal width (i.e. increasing
w0/w) can sharpen the pedestal, which would intuitively make non-local effects stronger,
while the observed increase in the maximum relative shift ∆ψ/w is consistent with the
trivial effect from the 1/w factor.
The effect of ∆n/n0 on ∆ψ/w is shown in the third column of Fig. 8. We see a few inward
shifts of the peak Qi location, but mostly find outward shifts. We observe the strongest
outward shift for all species somewhat above ∆n/n0 = 0.94, and at higher values of ∆n/n0
we see a decreasing trend in the maximum outward shifts. Interestingly the rate of this
reduction is faster in heavier isotopes. The largest outward shift is only ≈ 2 times higher for
H than the shift in the largest δ∗nsimulation at ∆n/n0 ≈ 1.68 (black symbols), in contrast
to the factor of ≈ 11.9 difference between the corresponding pair of points for T. This may
relate to the curious fact that when the pedestal width is decreased for fixed ∆n/n0 ≈ 1.68
(symbols with blue shades) the relative outward shift of the Qi peak is increasing for sharper
pedestals for H, while for T the ∆ψ/w points in this scan almost overlap, due to the lower
envelope.
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FIG. 9: ∆Q plotted against ∆ψ/w for different isotopes.
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FIG. 10: Normalized particle flux Γˆ for the baseline profile (blue in Fig. 2) in H, D and T
plasmas. Solid (dashed) curves are from global (local) simulations.
Next we consider possible correlations between ∆Q and ∆ψ/w; these quantities are plotted
against each other in Fig. 9. Although we observe that ∆Q tend to be negative for the highest
values of ∆ψ/w, and positive for the highest negative values of ∆ψ/w, we do not see a clear
correlation between these quantities. It is interesting though, that the three color coded
scans show different behaviors for the various species. In particular the highest δ∗n pedestal
(black symbols) becomes close to the observed maximum ∆Q value when going from H to
T, while ∆ψ/w is significantly reduced.
D. Particle and momentum fluxes
Unlike in the plasma core, due to the presence of strong gradients, neoclassical particle
transport can be non-negligible in the pedestal, in the sense that TΓi ∼ Qi, even if impurities
are only present in trace quantities.
In previous studies27,33,40, the global drift kinetic equation (1) has usually been solved
together with the constraints 〈∫ d3vg〉 = 〈∫ d3v v2g〉 = 0, to obtain the radial dependence
of two components of S, corresponding to particle and energy sources. However, S did
not contribute to the angular momentum balance. This method, in general, does not
lead to ambipolar fluxes,
∑
a ZaeΓa = 0. In the current work we allow for an additional
component in S, corresponding to an angular momentum source, and this degree of freedom
is used to enforce ambipolarity, as explained in Appendix A and in Appendix C of Ref. 33.
Accordingly, the particle fluxes shown in Fig. 10 are the same for ions and electrons. Note
that the peak particle fluxes reach values of Γˆ ≈ 0.31, that is indeed comparable to Qˆ in
Fig. 5. Thus, a significant fraction of the energy flux is convective (while it is often assumed
to be dominantly conductive41–43).
Like the energy flux, the deviation between local and global particle fluxes increases with
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FIG. 11: Normalized particle fluxes Γˆ for the baseline profile with 1:1 D-T mixture. Blue
(red) are deuterium (tritium) fluxes. (a): momentum sources proportional to particle
mass; (b): ambipolarity enforced without electron momentum sources, ion momentum
sources proportional to their mass. Solid (dashed) curves are from global (local)
simulations.
isotope mass. While the global effects are quite weak for H, we find a non-negligible increase
in the peak value of Γˆ, and an even more pronounced reduction inside the pedestal top for
T. Thus, a significant part of the global reduction of Qˆ in the near-pedestal core is due to
a reduced convective heat flux, while the reduction of Qˆ in the pedestal corresponds to a
slight increase in convective and a stronger decrease in conductive heat flux. The tritium
particle flux even changes sign at ψN ≈ 0.94. Note that the global modifications to the
particle flux are similarly strong for electrons, since the fluxes are ambipolar. This strong
non-local behavior for electrons depends on whether and how ambipolarity is enforced, i.e.
it is not a result of direct orbit width effects, which are negligible for electrons. The question
of ambipolarity and momentum sources in relation to the particle transport are discussed in
Appendix A. The specific choices made here are not expected to have major impact on the
results of the previous section, as the peak value of the particle flux is less sensitive than
the that of the ion heat flux with respect to the ion mass; that is, the isotope dependence
of the heat flux is dominated by the conductive component.
Nevertheless, different isotopes having different particle fluxes has potential implications
for mixtures in the form of isotope separation. For instance the ion concentrations in a D-T
fusion plasma can shift away from the ideal 1:1 ratio. That different isotopes in a mixture
are transported differently has long been known, see e.g. Ref. 44 for analytic theory relevant
to the local banana-regime.
To investigate how this is modified by global effects, we performed simulations of H-D and
D-T 1:1 mixtures, with the ion densities taken as half the baseline electron density. Fig. 11
depicts the resulting particle fluxes. As the global fluxes depend on how ambipolarity is
restored, we performed simulations with electron sources, similar to the pure simulations
(Fig. 11a), and without electron sources (Fig. 11b). We first consider the local particle
fluxes (dashed lines, which are the same in both Fig. 11a and b). In the core the electron
flux is small, thus the ion components are transported in opposite directions; the D (T)
flows are inward (outward). As the electron profile gradients increase towards the pedestal
and Γe becomes non-negligible (and outward) both D and T are transported outward but
on different rates; the T flux being larger. Finally, as the ion collisionality decreases towards
the edge (due to the strong density drop and flat ion temperature profile), the D and T
fluxes get closer to each other.
Sufficiently far from the pedestal the global simulation results approach the local ones,
while closer to the pedestal (ψN ≈ 0.92) the deuterium and tritium fluxes approach each
other, and then diverge from each other. Inside most of the pedestal the T flux is even
larger than that in the local simulation, while the D flux is somewhat lower, increasing
the disparity between these fluxes. These features occur independently of whether electron
momentum sources are allowed or not. In the simulations with electron momentum sources
the individual ion fluxes for the two isotopes resemble the corresponding single species
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FIG. 12: Normalized total angular momentum flux Πˆ for the baseline profile (blue in
Fig. 2) in H, D and T plasmas. Solid (dashed) curves are from global (local) simulations.
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Ped from deuterium simulations
using the profiles in Fig. 2. Solid (dashed) curves are from global (local) simulations.
Thinner lines correspond to sharper or narrower pedestals in the scan.
results; compare to the last two panels of Fig. 10). In the simulation with no electron
momentum sources, they should add up to produce the approximately local electron result,
therefore the deviations from their local results has to mirror each other. This has the
most significant effect in the near pedestal core, especially for the D flux: while it changes
sign around ψN ≈ 0.94 with electron momentum source, it remains positive without it.
Regardless of these details, as the isotopes are transported differently in both local and
global simulations with a larger outward T flux, they are prone to develop different density
profiles in experiments, and their fueling may need to be adjusted to optimize the isotope
ratio in the deep core.
As for the angular momentum transport, it cannot be sensibly evaluated in the lowest
order local theory as it is a higher order effect. Indeed, in our local simulations the angular
momentum transport evaluates to zero. However, as it was pointed out in Ref. 45, momen-
tum transport in the pedestal due to finite orbit width effects is not only non-negligible,
but it translates to experimentally relevant Prandtl number estimates.
First we consider the isotope scaling of momentum transport for our baseline profiles,
shown in Fig. 12. As expected, the local values are identically zero, while we find an inward
flux of co-current (i.e. ion-diamagnetic direction) angular momentum inside the pedestal,
and a somewhat weaker outward flux in the near-pedestal core. In the simulations the
radial variation of these momentum fluxes is balanced by momentum sources. (Note that
qualitatively similar momentum fluxes were reported33 in simulations without momentum
sources, where a torque from finite radial currents played the role of momentum sources).
Observe that, according to our definition of Πˆ given above Eq. (4), the angular momentum
transport is ∝ mΠˆ. The toroidal ion flow can be viewed as a drive for the momentum
flux, and its E × B and diamagnetic components are mass independent. Nevertheless,
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FIG. 14: Pedestal peak values of the momentum flux Πˆ and the heat source Sh.
it is somewhat unexpected that the largest negative value of Πˆ in the pedestal does not
increase significantly in magnitude with increasing isotope mass, since the momentum flux
we observe is a finite orbit width effect. However, the largest positive value of Πˆ, inward of
the pedestal top, does increase in both magnitude and its extent towards the core.
Finally, the effect of varying the pedestal parameters on angular momentum transport
is considered; Πˆ/nˆ2Ped is shown in Fig. 13 for the various density profile scans of Fig. 2
in a D plasma. The strongest momentum transport is observed for the highest δ∗n case,
corresponding to the narrowest pedestal in Fig. 2a. In this scan, where the position of the
pedestal top is shifted inward, we observe a rather strong reduction in the largest negative
value of Π (in the following discussion we will simply refer to it as the peak Π) as the
gradient decreases. The location of the peak is shifted outward so that it stays in the
vicinity of the pedestal top; in the shallower pedestals Π is small in most of the pedestal,
except close to the pedestal top. We note that for the model Ti profile used here, the abrupt
increase of dTi/dψ close to the pedestal top usually leads to more pronounced global effects
in that region, correlated with a peaking of sources. We observe a localization of momentum
sources around the pedestal top in all scans when the pedestal width is changing; see also
Fig. 13d and e.
The n2 scaling of the local heat fluxes in the banana regime was a useful guide to choose a
convenient normalizing factor, 1/nˆ2Ped, in Fig. 6. For momentum fluxes such simple guidance
is not available, as the lowest order local momentum fluxes are zero. However, whilst heat
sources (in the form of a radial variation of turbulent transport fluxes and actual heat
sources) may be expected to be in proportion to the heat fluxes, heat sources will also
represent an important contribution to finite orbit width momentum fluxes, as shown in
the higher order theory of Ref. 46). Therefore it is reasonable to assume an n2 scaling for
Π as well; indeed, with the 1/nˆ2Ped normalization we observe comparable peak values of the
momentum transport over the wide range of nˆPed values in the scans of Fig. 2b and f, as
seen in the corresponding Fig. 13b and f. In particular, apart from an inward shift of the
peak Π location as nˆPed increases, we find very similar peak values of Πˆ/nˆ
2
Ped in Fig. 13b.
To more clearly show that the momentum fluxes and the heat sources are strongly corre-
lated we plot the largest observed momentum fluxes against the largest sources (considering
only the magnitude of these quantities) for all our simulations in Fig. 14; here, we plot the
peak value (PV), which differs from the PPV in that the peak is allowed to be outside the
pedestal. We find an approximate proportionality with a slope that is almost mass indepen-
dent [linear fits give coefficients of 0.86±0.06 (H), 0.68±0.04 (D), and 0.67±0.04 (T)]. We
have normalized Πˆ and Sˆ such that this mass independence translates to Π ∝ m ∫ d3vmv2S,
where Π is the radial transport of angular momentum and S is the source appearing in the
kinetic equation (1), that conforms qualitatively with the source contribution in Eq. (104) of
Ref. 46. This is potentially important, because sources in the pedestal are much larger than
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in the core, as the radial variation of the fluxes in the various transport channels happens
on a short radial scale.
IV. SUMMARY
We have studied cross field fluxes of heat, particles and momentum in sharp density
pedestals. We focused on differences between radially local and global simulation results.
The deviations between local and global results depend on isotopic mass, and on features
of the plasma parameter profiles. This study considers isotope effects for fixed pedestal
profiles, and the impact of changing the shape of the density pedestal. We parametrize the
pedestal by four parameters – the densities at the pedestal top and at the last closed flux
surface, the representative pedestal gradient, and the pedestal width – three of which are
independent.
For both particle and heat fluxes we see a clear increase in global effects with increasing
isotope mass, owing to an increasing thermal ion orbit width. Not only does the deviation
between local and global results increase inside the pedestal, but so does the distance
over which global effects penetrate into the core. The global particle flux is found to be
particularly sensitive to isotope effects: when electron momentum sources are allowed the
tritium particle flux is strongly reduced in the near-pedestal core region, even changing
sign, due to global effects. When only the ions are allowed to have momentum sources, the
global particle flux remain close to the local one. However in isotope mixtures and impure
plasmas the various ion components may exhibit deviations from local results, as long as
ambipolarity is satisfied.
Even though the angular momentum transport is purely a finite orbit width effect (it
vanishes in the lowest order local theory), it does not exhibit a strong isotopic dependence,
apart from its trivial proportionality with mass (in the sense that, if momentum diffusivity
could be sensibly defined it would approximately be mass independent).
In a scan where the pedestal width and the LCFS density are fixed and the pedestal
top density is increased, we see only weak changes in globality. Perhaps more surprisingly,
we find that in a scan where the pedestal top density and location is changed keeping the
representative gradient in the pedestal fixed, thin pedestals can be much more global than
wider ones. Although we only considered steady state profiles, this scan may be relevant in
the growth phase of ballooning mode limited pedestals, when the large gradient region grad-
ually expands into the core, while the pedestal pressure gradient is approximately constant.
These observations indicate the role of the density length scale in affecting globality.
Since experimental ion heat fluxes have been found to be consistent with being purely
neoclassical in some cases, the peak ion heat flux and its location within the pedestal are of
interest. The relative changes in these two quantities due to global effects are used here to
quantify globality. We studied their dependence on three pedestal shape parameters: the
ratio of the ion orbit width and the density length scale, δ∗n, the ratio of the orbit width
and the pedestal width, wo/w, and the relative density drop in the pedestal ∆n/n0. We
found that, the peak ion heat flux is mostly reduced and it is shifted outward by global
effects (these are modest changes but they might be measurable). The clearest correlation
was found with δ∗n. Even though δ
∗
n accounts for the mass dependence through the ion orbit
width, we find additional differences between the various isotopes. The range of possible
reductions in the heat flux peak saturates at some value of δ∗n. Importantly, this value and
the corresponding maximum reduction of the heat flux increases with mass, representing a
favorable isotope scaling trend. Finally, we find that the flux of radial angular momentum
is strongly correlated with the heat sources that appear in the simulation to sustain the
steady state pedestal profiles.
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Appendix A: Momentum sources and ambipolarity
In the local theory δf = f−fM  fM and ∇ ln δf ∼ ∇ ln fM , thus ∇δf  ∇fM , while in
the global theory adopted here δf can develop sharp features radially, so that ∇δf ∼ ∇fM .
Accordingly, ∇δf needs to be retained one order lower than usually. Noting that the cross
field fluxes are evaluated at fix particle (as opposed to guiding center) position, these global
orderings lead to an enhancement of the gyrophase dependent −ρ · ∇f term. This leads to
that a finite angular momentum appears already in the order we solve for δf , even though
we assume subsonic ion flows.
From the steady-state, species-summed, flux-surface averaged momentum conservation
equation, it follows that the radial flux of toroidal angular momentum is balanced by radial
currents and/or momentum sources. The global simulations are not intrinsically-ambipolar,
thus if ambipolarity is not enforced radial currents arise. To be consistent with ambipolarity
these currents should be balanced by other non-intrinsically-ambipolar processes which are
outside the physics modeled by the code (e.g. ripple losses). However, as shown in Ref. 33,
the ambipolarity of the neoclassical radial particle flux can be enforced. Since requiring
ambipolarity
∑
a ZaeΓa = 0 only yields one additional ψ-dependent constraint (as opposed
to one constraint per species), the distribution of the momentum source among the various
species represents some degree of freedom, in addition to the freedom of specifying the
poloidal and velocity dependences of all the sources.
In the simulations presented in this paper, the momentum source is uniform in the poloidal
angle, and it is distributed to the species in proportion to their mass; specifically, the
momentum source in the equation for species a, Sma is given by
Sma = mˆaVa(v)Sm(ψ) (A1)
where Va(v) = ξx(x
2 − 7/2)e−x2 , with x = v/vTa and ξ = v‖/v.
As a result of allowing for momentum source to the electrons (albeit small in mass ratio,
so that the neoclassical parallel currents are not strongly modified), the electron particle
fluxes in Fig. 10 become non-local, and are similar to the ion fluxes in the non-intrinsically-
ambipolar simulations of Ref. 33. On the other hand, if the momentum sources of electrons
are set to zero, the electron particle fluxes remain much closer to the local result (shown by
the bright lines in Fig. 15), as expected when collisional coupling to the ions is weak. As a
consequence, the particle fluxes in pure D or T plasmas (light blue) are forced to be local
to satisfy ambipolarity, and become essentially isotope independent. However, in mixture
plasmas the ion components can deviate from the local result, as only the total ion flux
should be the same as the (very nearly local) electron flux.
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